Introduction
In the last decades, bio-geochemical mo dels have been used to quantify forest carbon dynamics and monitor the main fluxes and stocks within terrestrial ecosystems (Waring & Running 2007 ). These models are based on the current knowledge of major ecologi cal/biophysical processes, but generally suf fer from high complexity, difficult calibra tion and great computational intensity (Chiesi et al. 2007 , Liu et al. 1997 ).
These problems are partly overcome by the BIOME-BGC model (Running & Hunt 1993) which has been widely applied to quantify water, carbon and nitrogen cycles in different forest ecosystems (e.g., White et al. 2000, Thornton et al. 2002) . This model re lies on a spin-up phase which defines the local equilibrium conditions for some main biome types (e.g., evergreen needle leaf, de ciduous broadleaf, etc.). In general, however, the application of BIOME-BGC to specific ecosystems requires a calibration aimed at properly setting its main ecophysiological parameters (Jochheim et al. 2009 ). This is particularly the case for Mediterranean en vironments, which are characterized by a high spatial heterogeneity of their main properties and by a marked dryness during part of the growing season (Bolle et al. 2006) .
Recent investigations of our research group showed that BIOME-BGC can be efficiently integrated within a more general modeling strategy for the effective simulation of both water and carbon fluxes and storages in Tuscany forests (Maselli et al. 2009 . The same studies, however, indicated a mo del tendency to overestimate woody biomass stocks, which had already been noted by oth er authors for different European areas (e.g., Pietsch et al. 2005 ). This tendency is evi dently due to a model deficiency in simula ting long-term carbon storages in the woody ecosystem compartment (mostly stems and coarse roots).
The current paper presents an approach to overcome this limitation based on the modi fication of the model parameter settings which regulate these processes. Specifically, a model parameter which controls biomass storage in woody tissues is adjusted to repro duce the maximum standing volumes mea sured by regional and local forest invento ries. The results of this modification are evaluated by comparison with measurements of forest cover (FC) and current annual in crements (CAI) derived from independent inventory sources.
The paper first provides a description of the study region (Tuscany, Central Italy) and of the input data-layers. The methodology section then introduces the modeling strategy based on BIOME-BGC and the pro cedure applied to improve the model para meter settings. The paper is concluded by the presentation of the results achieved and by a discussion section.
Study area
Tuscany extends over about 9°-12° E long., 42°-44° N lat. The topography of the region ranges from flat areas near the coast-line and along the principal river valleys, to hilly and mountainous zones towards the Apennines chain. Approximately 2/3 of the region is covered by hilly areas, 1/5 by mountains and only 1/10 by plains and valleys. From a cli matic viewpoint, the climate ranges from typically Mediterranean to temperate warm or cool according to the altitudinal and lati tudinal gradients and the distance from the sea (Rapetti & Vittorini 1995) .
Forests cover approximately half of the re gional surface and are mainly located over hilly and mountain areas (Fig. 1) 
Data sources

Forest inventory data
A regional forest inventory (IFT) was car ried out in Tuscany during the years 1990-1998 (Arrigoni et al. 1998 ). This inventory provided point measurements of all main forest attributes collected over a regular 400 m spaced grid. Data from other two local in ventories are available for the forests of San Rossore (DREAM 2003) and Vallombrosa (Ciancio 2009 Keywords: Mediterranean forest, BIOME-BGC, Stem volume, Current annual in crement regional basis for all main forest types in Italy (Gasparini et al. 2007 (Gasparini et al. , 2009 .
Additional information was derived from CONECOFOR, a project carried out all over Italy aiming at monitoring the status of forests (Ferretti et al. 2006 ). In particular, this project reported mean estimates of crown transparency for the main Italian forest classes.
Ancillary data layers
Daily meteorological data were derived from the Tuscany weather network for the years 1996-2008. Distinctively, daily maxi mum and minimum temperatures and daily total precipitation were collected from 139 and 179 stations spread all over the regional territory, respectively. A Digital Terrain Model (DTM) of the study region with 1-km spatial resolution was derived from the Regional Cartographic Service of Tuscany. The same Service provided the digital forest map produced by Arrigoni et al. (1998) . This map describes the distribution of 18 different forest classes at 1:250.000 spatial resolution. These classes were regrouped into 6 main forest types (FT) following auto-ecological criteria: evergreen oaks, deciduous oaks, chestnut, beech, low land conifers and mountain conifers. The main characteristics of the six FTs are shown in Tab. 1. A regional map of stem volume was pro duced by Maselli & Chiesi (2006) by spatia lizing the measurements of IFT through the processing of Landsat ETM+ images.
Soil information was derived from the Soil Map of Tuscany (1:250.000), produced by the Regional Government during the years 2000-2006 (http://sit.lamma.rete.toscana.it/ websuoli/). This map provided soil depth and texture expressed in sand, silt and clay percentages.
Methodology
Modeling strategy BIOME-BGC is a bio-geochemical model developed at the University of Montana (Running & Hunt 1993) which is able to es timate the storages and fluxes of water, car bon and nitrogen within numerous terrestrial ecosystems assumed to be homogeneous. The original model does not consider speci fic species composition, but forests are func tionally divided into main biome types: ever green and deciduous needleleaf forest, and evergreen and deciduous broadleaf forest .
The model requires daily meteorological data (minimum and maximum temperature, precipitation, humidity and solar radiation), and a description of site characteristics (e.g., soil depth and texture, altitude, etc.) and of vegetation ecophysiology.
Unlike its precursor FOREST-BGC (Run ning & Coughlan 1988), BIOME-BGC does not require information on leaf area index (LAI) of the examined stands: this is a keyvariable which is daily computed and con trols the radiation absorption by canopy, wa ter interception, photosynthesis (gross primary production, GPP) and litterfall. The computation of GPP is made by the Far quhar's equation (Farquhar et al. 1980) ; the net primary production (NPP) is then com puted by subtracting the autotrophic respira tions (both growth and maintenance respira tion). More specifically, growth respiration (Rgr) is computed as a function of the amount of carbon allocated to the different pools and maintenance respiration (Rmn) is calculated as a function of the tissue temperature and nitrogen concentration. In addition to NPP, BIOME-BGC is able to compute the net eco system exchange (NEE) by subtracting the heterotrophic respiration. This represents the loss of carbon from the ecosystem due to de composition of litter and soil organic matter by microbial activities; it is controlled both by soil temperature and soil moisture (Run ning & Hunt 1993) . BIOME-BGC works through a spin-up run which enables to find a quasi-equilibrium condition (sensu Odum 1971) with the local eco-climatic features. To this aim, the model uses the daily meteorological data and the site characteristics to define the initial state variables (i.e., the amount of each carbon and nitrogen pool) of the ecosystem. All es timates provided by the model therefore refer to a forest which is in ecosystem equilibrium condition (sensu Odum 1971) . Actually, Tuscany forests are far from this condition due to the effects of the numerous distur bances occurred (e.g., thinning and cutting operations, forestation/deforestation phases, forest fires, etc.), and their processes cannot be directly simulated by BIOME-BGC.
To address this issue, Maselli et al. (2009) proposed to use the ratio between actual and potential forest standing volume as an indic ator of ecosystem proximity to equilibrium condition. This ratio can be used to correct the photosynthesis and respiration estimates obtained by the model simulations and com pute actual forest NPP (NPPA, g C m where GPP, Rgr and Rmn correspond, re spectively, to the GPP, growth and mainte nance respirations estimated by BIO ME-BGC (g C m -2 month -1
), and the two terms FCA (actual forest cover) and NVA (ac tual normalized standing volume), both di mensionless, are derived from the ratio between actual and potential stem volumes through the following equations (Maselli et al. 2009 -eqn. 2, eqn. 3):
where VolA is actual (measured) standing volume, and Volmax and LAImax are the poten tial (maximum) standing volume and LAI corresponding to ecosystem equilibrium con dition. While LAImax is directly provided by BIOME-BGC, Volmax can be computed as follows (eqn. 4):
where StemC is the maximum stem carbon (g C m -2 ) simulated by BIOME-BGC, BEF is the volume of above ground biomass/ stand ing volume, Biomass Expansion Factor (di mensionless), and BWD is the Basic Wood Density (Mg m   -3 ). The values of BEF and BWD are taken from Federici et al. (2008) . The factors 0.5 and 100 are respectively ap plied to convert from carbon to dry matter content and from g m -2 to Mg ha -1 . As can be easily understood, the maximum stem C simulated by BIOME-BGC directly affects the estimated NVA and FCA and, con sequently, the predicted NPPA. Hence, its correct estimation for each FT is crucial for an accurate prediction of actual forest struc ture and functions, and, particularly, for the simulation of net carbon fluxes.
Modification of BIOME-BGC mortality settings
The model parameter settings provided by White et al. (2000) had already been adapted to reproduce the behaviour of Mediterranean forest species in Tuscany (see Chiesi et al. 2007 , Maselli et al. 2009 ). Even though the calibrated model produced good estimates of the main terms of the carbon cycle (i.e., GPP, NPP and NEE) (e.g., Chiesi et al. 2007 Chiesi et al. , 2010 , it tended to overestimate the forest standing biomass measured by ground surveys . A similar con clusion was drawn by Pietsch et al. (2005) after applying the original BIOME-BGC ver Tab. 1 -List of the six forest types (FTs) considered with indication of the biome types and of the relevant GPP averages simulated by BIOME-BGC in Tuscany. Vol max =StemC / BWD/ BEF /0.5⋅100 sion to simulate the behavior of major forest species in Central Europe (i.e., beech, oaks and larch).
Forest
To address this issue the BIOME-BGC parameter settings of the six Tuscany forest types were further modified. In particular, at tention was focused on the whole annual plant mortality fraction (WPMF), which re presents the fraction of the above-and be low-ground ecosystem carbon pools that are removed and sent to the litter compartments over the course of each simulation year. By this mechanism woody material (live and dead) does not accumulate within the tree pools and becomes available for the decom position process. This mortality rate includes both natural tree mortality and mortality due to natural disturbances such as wind-throw. According to the BIOME-BGC logic, this parameter influences the amount of woody biomass that is accumulated yearly . Consequently, changes of WPMF modify the plant carbon stocks (mainly stem and coarse root carbon stocks) without sub stantially altering all other pools, which are constrained by higher turn-over rates . Due to the same logic, WPMF changes do not significantly alter all main BIOME-BGC photosynthesis and respiration estimates (Tatarinov & Cienciala 2006) .
The application of the modeling strategy to Tuscany forests required the use of daily meteorological data (minimum and maxi mum temperatures, precipitation and solar radiation) for each 1-km 2 pixel. To this aim, the daily temperature and rainfall data were extended from the weather stations to the re gional surface by means of the DAYMET al gorithm . Solar radia tion and humidity were then estimated by the use of MT-CLIM (Thornton et al. 1997 ). These meteorological data layers, joint to layers descriptive of forest and soil proper ties, were used to drive the conventional ap plication of BIOME-BGC on a per-pixel basis (see Chiesi et al. 2010 for details) .
After this first run, the maximum standing volumes which are reasonable for the six forest types in Tuscany were identified using the point measurements of IFT and of the other two local forest inventories (San Rossore and Vallombrosa). In particular, the maximum volumes found by these invento ries for each FT were conservatively con sidered to be 90-95% of the volumes which could be potentially sustained by the corres ponding sites. The WPMFs of the six forest types were therefore iteratively modified un til the standing volumes predicted by eqn. 4 for the corresponding sites exceeded the IFT volume measurements of 5-10%. Next, the model version with the new WPMF settings was reapplied to simulate the behavior of all forest areas in Tuscany.
Validation of BIOME-BGC outputs
The effect of changing the BIOME-BGC WPMF settings was evaluated by comparing the accuracy of the actual forest cover (FCA) and current annual increment (CAI) esti mates before and after the modification against independent regional measurements.
As regards the first test, FCA estimates were computed by feeding eqn. 3 with BIOME BGC outputs and the regional INFC volume averages of the six FTs. The FCA estimates obtained were validated against INFC cano py cover measurements corrected for the mean crown transparencies derived from CONECOFOR, an intensive monitoring pro gramme of forest ecosystems in Italy (CON trollo ECOsistemi FORestali -Ferretti et al. 2006) .
For the second test, the NPPA estimates of the six FTs were calculated by feeding eqn. 1 with the same data. From these estimates, relevant CAI values (m 3 ha -1 year -1 ) were ob tained through the following equation (eqn. 5):
where BEF and BWD are the same as for eqn. 4 and SCA is the Stem C Allocation ra tio of BIOME-BGC. These estimates were directly compared to the CAI measurements provided by INFC. A simplified scheme of the steps followed to estimate CAI is indi cated in Fig. 2 .
Both comparisons were made using the available aggregated data for the six forest types of Tuscany. The overall estimation ac curacy over the six FTs was summarized by means of common statistics (i.e., correlation coefficient: r; root mean square error: RMSE; and mean bias error: MBE).
Results
Reproduction of IFT maximum volumes
The last column of Tab. 1 reports the ave rage GPP values estimated for the six Tus cany FTs using BIOME-BGC with the ori ginal parameter settings. These GPPs gene rally follow the auto-ecological characteri stics of the ecosystems: the lowest values are typical for mountain forests (FT 4 for broadleaves and FT 6 for conifers), while Tab. 2 -Definitive BIOME-BGC parameter settings. Only the model parameters changed with respect to default values are reported. The parameters controlling conductance reduc tion (leaf water potential and vapour pressure deficit) were reduced to 90% of the default values for the first three ecosystems and were left unchanged for the others. The last column reports the new WPMFs, which replace the default settings (0.005 1 yr 
highest productions are found for lowland coniferous species. These GPPs are also in accordance with the measurements obtained by the eddy correlation technique (Maselli et al. 2009 ).
As regards the carbon stocks estimates, they only partly follow these GPP patterns, due to the different respiration and allocation of the six forest types (Fig. 3) . The potential volume estimates are generally higher than the maximum IFT measurements for most FTs. Small differences are found for FT 1 and FT 5, while for FT 2, FT 3, FT 4 and FT 6 the overestimation is very high.
In almost all cases the new WPMFs identi fied by the current investigation (Tab. 2) are higher than the originals, which implies that woody biomass is accumulated in tree stems and coarse roots for a lower number of years. Exceptions are represented by FT 1, for which WPMF is slightly increased, and FT 5, for which WPMF is unvaried. These WPMF changes have direct consequences on the potential volumes simulated by BIOME-BGC (Fig. 3) , while do not introduce signi ficant differences in the predicted GPP (dif ferences lower than 2%): the same is true for all respirations and LAI.
Simulation of mean canopy covers and CAIs
The mean FCA and CAI values of the six forest types measured and estimated before and after the WPMF modification are shown in Fig. 4 and Fig. 5 together with relevant ground measurements. As regards FCA, the estimates obtained with the original WPMFs are much lower than the measurements for FT 1 and 2. In the other cases, minor but still significant differences are observed. The use of the new WPMFs strongly reduces the FCA underestimation for the first two FTs, and improves the estimation accuracy also for FT 4 and 6. Overall, this modification results in a notable increase of the correlation coeffi cient and in a significant reduction in the mean differences between the measured and estimated FCA values.
The Discussion and conclusion BIOME-BGC has been shown to be appli cable to simulate the behaviour of a wide variety of forest ecosystems, both in terms of eco-physiological processes and accumu lated carbon pools (e.g., Pietsch et al. 2005 , Maselli et al. 2009 . Previous investiga tions in various European forest areas, how ever, indicated a model tendency to over estimate the stored carbon stocks (e.g., Pietsch et al. 2005 . Spe cifically, the maximum (potential) standing volumes simulated by the model are mostly higher than the volumes which can be actu ally found in most European forests. This implies errors in the simulation of net carbon accumulation processes which, in some cases, have been fixed empirically .
The current paper proposes a more sound approach to address this problem. This ap proach is based on the modification of a ma jor parameter setting which controls carbon accumulation in the vegetation compartment, WPMF (Tatarinov & Cienciala 2006) . The modification is performed by taking as refe rence values the maximum standing volumes derived from various forest inventories. This operation relies on the evidence that these inventories provide a large number of point measurements for each FT, which should guarantee the representativeness of the volu mes found for production conditions close to the potential maxima and not significantly limited by occurred disturbances. The alter native use of parametric methods for the identification of these potential volumes (i.e., using standard deviation intervals from volume averages) has been found to be cur rently unfeasible, due to the marked nonnormality of the volume statistical distribu tions.
The application of the current method yields new WPMFs which are not descrip tive of the ages reachable by the six forest types in all conditions. In fact, the WPMFs identified are related to the average turn-over times which would characterize the existing forests in the absence of disturbing factors. Consequently, these WPMFs are dependent on local environmental factors (fertility, cli mate, growth form, etc.), and are not directly exportable to all other cases.
As expected, the use of new WPMFs does not modify the original LAI, GPP and respi ration estimates but leads to substantial changes in accumulated stem carbon. The new volume averages of the six forest types are mostly lower than the original values and more consistent than these with the estimates provided by different sources (DREAM 1994 (DREAM , 1996 .
The WPMF modification results in a marked improvement in the reproduction of the carbon stocks stored in the woody eco system compartment. This improvement is decisive in enhancing the assessment of NVA and FCA. As a consequence, the modification implies a substantial enhancement in the es timation of net production processes (i.e., woody NPP).
These results are particularly relevant when considering that all model simulations have been performed over forests which are very heterogeneous due to the variable climate and site factors and to the different manage ment practices which characterize Tuscany environments. It can therefore be concluded that the use of the new BIOME-BGC ver sions can significantly enhance the capacity of the modeling strategy to simulate carbon stocks and fluxes across a variety of Medi terranean forest ecosystems.
